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1. INTRO DUCTION

We report here on recent progress in an ongoing program of

research directed toward a basic understanding of the elec t ronic properti es

of thin insulating films and of the interfaces of such f i l ms with semicon—

ductors and metals. Of particular interest are t h e  h i g h — f i e l d  properti es ,

including charge—carrier Inject ion t h r o u g h  the  In t er f a c e s  • d c c  t r o n i c

t r anspor t  t h rough  the insulator , charge—carrier trapp ing and rt~c o m h f n a t  ion

at the i n t e r f a c e s  and in the insulator , the high—field generat Ion of

in t e r f a c e  s t a t e s  and t r a p p i n g  centers , and the  mechanisms l e a d i n g  to

dielectric breakdown . The objective of t he  program is to provide ~i

rational bas is for the choice of mater ials , processing methods and

treatment of the insulating films in order to obtain the  desired perfor-

mance and rel tab! Ii t v .  The I n s u l a t i n g  f i l m s  under  s t t I dy  at  the  present

t ime are silicon diox ide , aluminum oxide , and s i l i c o n  nitrid e on silicon

substrates. The techniques and apparatus that we h ave  developed tinder

th i s  program are, moreover , immedi atel y :ipp llca b le t o  the  study of other

types of insulating films and substrates.
• We have previously reported on our discovery that deep

electron traps are generated In thermall y grown silicon dioxide under

h igh  field conditions 2 and on our studies of the p r o p e r t ie s  of the

generated traps)’ The high—field generation of electron traps in  Sf0.)

may have impor tan t  consequences in the  s h o r t — c h a n n e l  MOS transistors now

under development by in d u s t r y  and to the  o p er at  ion ~f dua l —d t e l  cc tr ic 
—

nonvolatile memories utilizing t h i n  f i l m s  of 510 ., a i l l a cê n t  t o  the  s i l i c o n

substrates. In Ch. 2 of this report , C. S. .Tenq d e s cr i b e s  the  r e su l t s  of

a further investigation of this phenomenon , and shows evidenc e t h at  t h e

— trap generation is a hulk , rather than an interface , p henomenon. The

high—field generation of interface states in the  MOS system Is of concern

also , and in Ch. 2 Mr. Jenq gives his recent results on this su-hkc~ .

Mr. Jenq ’s work has required many of his measurements  to he made at

l i quid n i t rogen  t empera tu re , both  to avoid Ionic mot ton arid t o  i n h i b i t

the immediate generation of Interface states tinder hi gh—f l e l d  co n d i t io n s , 1

and t h i s  has required  the deve lopment  of ,i me thod t o r  m e a s u r i n g  i n t e r f a c e —

s ta te  d e n s i t i e s  at these lowered t empera tu re s .  H i s  b a s ic  meth od was

described in a previous report ,1 and In the present report he shows an

extension of his technique o a determination of t h e  e’nergv d i s t r i b u t i o n

of the states.

—
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1In a previous repor t , J. J. Clement described his investi—

gation of i n t e r f ace—sta t e  generation in MOS s t ruc tures ;  in part icular  the

influence of holes at the interface and the effects of temperature on the

generation rate. He uses soft X—rays to produce hole—electron pairs in

the oxide at liquid nitrogen temperature. The electrons, which have

good mobility, are swept out quickly by a moderate electric field ,

leaving the holes behind . The holes can then be transported to either

interface by application of a larger electric field together with

excitation by visible light. He finds that although the presence of holes

is necessary to start the interface—state generation process, the states

do not appear until the sample is warmed. Furthermore , and more surprisingly,

if the holes at the interface are recombined with electrons before the

sample is warmed, the interface states nevertheless appear as the temper— J -

ature of the sample is increased . Only the temporary presence of holes

• is apparently necessary to germinate the interface—state generation

process. The results reported previously were all obtained on steam—grown

oxides, and it was important to determine whether dry—grown oxides would

exhibit a similar phenomenon. In the present report , Mr. Clement

describes the results of his study of dry—grown oxides and shows that

similar effects do, indeed , take place in these. He gives new results

on the temperature dependence of the interface—state generation and he

shows the results of measurements of the energy distribution of the states.

S. S. LI Is studying high field effects in chemically vapor

deposited (CVD) aluminum oxide films on silicon substrates, and he

describes his recent results in Ch. 4. Trap—assisted tunneling appears to

be the dominant mechanism of charge—carrier injection from the electrodes.

Electron trapping occurs through the bulk of the oxide. Positive charging

also occurs, and appears to be concentrated near the positive electrode.

Mr.Li finds evidence for thermally activated hopping as a mechanism of

transport of electrons through the bulk of the oxide. Impact ionization

seems not to be an important factor in the dielectric breakdown of CVD

Al
2
0
3
. The instability that precedes breaking appears instead to be

determined by charge trapping, possibly together with field—assisted

detrapping . 

~~~~~~~
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* In a companion study to Mr. Li’s, 0. Bar—Gadda is applying

additional techniques to the study of high—field effects In CVD A1
2
0
3

s on silicon substrates. By use of a bridge circuit which balances out

the displacement current in the MOS capacitor he has succeeded in making

unusually reliable measurements of the voltage dependence of the current

injected into the insulator from the contacts. He has also studied

the time evolution of i..he current over a range of applied voltages. By

applying a reasonable first—order model of electron trapping to his

experimental results, he finds that trapping occurs through much of the

bulk of his oxides. In addition, he presents optical and scanning

electron micrographs of breakdown regions . 

-- . -- - . .—-~~~~~ - . -. ~~~~~~ - - —- -
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2. HIGH FIELD EFFECTS IN MOS CAPACITORS
(Ching—Shi Jenq collaborating)

2.1. Introduction

In the preceding Semi—Annual Report 1 we described a new method

for measuring interface s t a t e  densit ies in MOS capaci tors  at low temperatures.

Originall y designated the low—temperature ledge (LTL) method , we now term

this the low—temperature C—V displacement (LTD) method , the latter name

being considered more descriptive of the technique . As previously described ,

the LTD method gave the number of interface states in the central region

ot the substrate bandgap from C—V measurements made at a single low temper-

ature, In Sec. 2.2(A) we describe an extension of the LTD method to the

determination of the energy distribution of the interface states in roughly

the half of the band gap adjacent to the majorit y carrier hand edge . The

latter method requires measurements to be made over a range of (low)

temperatures. In Sec. 2.2(B) we discuss difficulties that are sometimes

encountered in applying the LTD method .

In Semi—Annual Technical Report No. 22 we pr esen ted ev idence

tha t  e lect ron t r aps  are generated in the s i l i con—diox ide  insu la tors  of

MOS capacitors when the  insulators are stressed with a s u f f ic i e n t l y large

electric field , and in Report No. 31 we discussed some of the properties

of these traps . In Sec. 2.3 of the present repor t we give results indica—

ting that the trap generation is a bulk effect rather than an interface

effect , and in Sec . 2.4 we show results on the e l e c t r i c — f i e l d  dependence of

the e lect ron—trap  concen t ra t ion .  In Report No. 31 we di sc ussed the high—

field generation of interface states in the MOS system , and this discussion

is continued in Sec . 2.5 of the present report. Results are summarized

in Sec . 2.6.

2~~ 2. Further Discussion of the LTD Method of Determining
Interface State Densities

2.2(A) Determining Energy D i s t r i bu t i on  of Interface States

The main advantage of the LTD method~~
3 is that it allows one to —

• measure , at a single tow temperature , the total number of interface states

over a large portion of the bandgap of Si. Information about the energy

distributi on of the interface states can not be obtained , however , unless

the sample temperature is varied . In the following we present a method

A
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* of using the LTD technique to find the energy distribution of interface

states in roughly the half band gap adjacent to the majority carrier band .

This method might be taken as similar to the Cray—Brown method ,
4 

but It

utilizes different concepts. The difference between the two methods will

be mentioned at the end of this section.

We shall write the equations for an n—type substrate. The t ime

constant for emission of electrons from interface states is related to

temperature by the following equation~
5

exp(E — E )/kT (2.1)en v
~h

on
i i s

where V th is the therma l velocity of electrons , o is the electronic capture

cross section , n1 is the intrinsic carrier density , is the int r insic
level of the semiconductor , and F is the energy level of the interface

S 15 ~ 7state. At 90°K, taking c to be 10 cm and V
th 

to be 10 cm/sec ,
r is found to be 10 sec when the interface state is 0.21 eV below the

• en
conduction band . If the temperature is raised to 99°K, then the level of

the interface state that has t 10 sec is at 0.24 e’V below the conductionen
band . If we take one deep—depletion curve at 90°K and ano ther  at 99°K ,

then the voltage shift between the lower portions of the two curves repre-

sents the voltage drop across the oxide caused by t h e  p r esen ce of electrons

in those interface states which lie in the range from 0.21 eV to 0.24 eV

below the conduction hand . In this way the  number of i n t e r f a c e  s t a tes
with energy levels from 0.21 eV to 0.24 eV below the conduction band can he

obtained . By raising the temperature still more , we can probe further

into the bandgap in a similar was .

In Fig. 2.1 , four sets of deep—depletion and light—assisted

curves are shown for different temperatures on the same sample. The

temperatures were 89°K, 122°K , 158°K and 204°K for curve sets ~ ~~ , 3 and
4 respectively . An important feature to observe in this figure is that as

the temperature was increased , the height of the ledge In the lig ht—

assisted curve decreased . This was due to the increase of electron concen-

tration at the S10
2—S t ~nterface when the temperature was raised , so that

the current caused by the capturing of electrons into the holes in the 

~~-~~~~~-~~~~~~~ - -—- - - - .--~~~~~~~~~~~~~~ -- . - - - - - - -
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interface states began to dominate at a lower surface potential. The

result of this reduction in ledge height is to reduc e the length of the

par al l e l  portion of the lig ht—assisted curve. As can he seen, this

pa ra l l e l  por tion is not present in the light—assisted curves 3 and 4 in

Fig. 2.1. This fact prevents us from utilizing the parallel por t ions o f

the light—assisted curves to probe the inter lace-state distribution in

the lower bandgap.

Table 2.1 shows an examp le of determining the’ inter face—state

distribution from the temperature—dependent vol~ agc shi f t of t h e  lower ,
para l l e l  por tion ol the deep—depletion curves. The first column gives the

sample temperature in °K. The second column shows the differen ce in energy

between the conduction band edge and the level of the interface state

which has an elec tron emission time constant t of 10 sec . The value ct

(F — E )  is calculated from Eq. (2.1) , which ~ziu he written as

F
F — F — + kT ln(t v o n ‘) ( 2 . 2 ’ )

c s en th i

For computation of the values given in the second column we have assumed
7 — i s  2

‘th — 10 cm/sec and ~.‘ — 10 cm . We also make the assumption ,as we

did in Sec . 3.2 of the last report ,1 tha t for those states which li e below

the level where 10 sec the electrons will he frc?en in the states
en

during the period when the deep—depletion curve is taken , while for those

states which lie above the level for which T 10 sec he electrons w i ll
en

be emitted into the conduction hand . The third column of Table 2.1 gives

the difference in F — F between consecu t ive  tempera tures .  The fourth
C S

column gives the voltage shift in the lower pa ra l l el portion of the deep—

deple tion curves between two consecutive temperature settings . At lt~8°K ,

the interface—state level with r • 10 sec is 0.415 eV below the conductionen
hand ed ge. This means tha t onl y the portion of the d e ep — d ep letion curve

which has a normalized capac itance stnallc r than 0.4~ w i l l  he pa r a l l e l  to

the ideal deep—depletion curve . [Note : The Fermi level at l~ S°K is ~L li

eV below the conduc tion hand edge , and the normali?ed cap a cit an ce’ is O.4S

when the surface potential is at — (0.315 — 0.11) — —0 . 105 eVi Henc e it i~

• 
necessary to measure the volt age shift only in this very low port ion ct the’

deep—deplet ion curve.

I ;
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In the fifth column , AN is the number of interface states
ss

corresponding to the AV in the fourth column . The relation between

•\N and AV is given by AN — C AV/q , where C is the oxid e capacitance

per unit area and q is the :lectronic charge In coulombs.1 In the sixth

column , n is the average interface statt~ densi ty ob ta i n e d  from the

equation n — AN /A(E — F ). The relation between n and the corres—
5 SS C 5 SS

ponding energy level is shown by the horizontal bars in Fig. 2.2. The

bars are connec ted by dotted lines to Indicate roughl y the d is t r ib ut ion

of interface states. Except for the high bar p l otted above approximatel y

0.37 eV (for which we have no exp lana t ion) , the bar s sh ow a reasonabl y
smooth distribution of interface states. Also shown in Fig. 2.2 is the

interface—s tate distribution (solid curve) calculated by Kuhn ’s method

from a quasi—static C—V curve taken at 66°C.

Two major devia tions of the dotted curve from the solid curve

are: First , the dotted curve shows a reduction in interface stat - den si ty - :

near the band edge , while the so l id curve shows a monotonic increase . It ir

d i f f i c u l t , a t this  point , to judge which determination is closer to the

true interface—state distribution . Ycow et al
6 

have done an error anal ys is

on Kuhn ’s method of determining Interface—state densit y . They show tha t

toward the S-i band edges , the interface—state distribut ions calculated by

Kuhn ’s me thod are extreme l y sensi tive to errors in the oxide capacitance

measurement and in the .~etermInation of the integration constant. This

causes the energy range of a valid measurement to he limited to approx-

imatel y ± 0.3 eV above and below mid gap, or to 0.26 eV away from both band

ed ges. Sinc e our firs t deviation occurs at energy level s which  are smal le r

than 0.25 eV from the conduction hand , It Is in the range where Kuhn ’s

method is not dependable.

it should be noticed that the ! peak in the dotted curve is not

similar to the peak usually observed when the Cray—Brown method
4 

Is

app l ied to measure the interface—state density near the hand edges. The

peak observed by the Gray—Brown method is u s u a l ly  within 0.15 eV from the

band edges , and this peak could he ficticlotss as has been Indicated by

Boudry.
7 

He conducted a computer—simulated Gray—Brown measuremen t using

in t e r f a c e — s t a t e  d i s t r i b u t i o n s  and e l e c t r o n  c a p t u r e  cross sect ions as measured

by Deuling et al.
8 

The result showed that although the assumed i n t e r f a c e

sta te dis tr ibu t ion was mono ton ic a l l y i n c r e a s i n g ,  the simulated Gray—Brown

measuremen t showed a peak. The peak was due to a strong rolloff in the
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electron capture cross sections near the band edge. With a measuring

frequency of 150 kHz the interface states above the level where E — E —

0.1 eV will not respond to the measuring signal , but those states which are

below this level and are close to the Fermi level will respond to the

measuring signal and contribute to the measured capacitance. This causes

an error in determining the flatband voltage , which in turn produces a

spurious peak in the interface—state distribution. In order to decrease

the error to within 10%, a measuring frequency greater than 200 MHz is

necessary . Hence, one can not reliably interpret the peak obtained by

Gray—Brown measurements,

We shall now examine whether the roll—of f in electron capture

cross section has an effect on our method of measuring interface state

density . In our method , we rely on the princip le that at a particular

temperature T1, the emission time constants of electrons increase sharp ly

• as the levels of interface states lie deeper into the bandgap. This allows

us to pick a interfac~—~~~tè level F where -r = 10 see , and we assume
S en

that the electrons that are in the states below E will he forzen—In
S

during the time when the deep—dep letion curve is taken , while the electrons

- - in the states above E will have time to be emitted into the conduction
5

band . This assumption is certainly good as long as the elec tron capture

cross section a remains constant so that r decreases r~onoton1ca1lv towarden
the Si band edge. If a has a sharp roll—off near the band edge, an

examination is necessary to check the monotonicltv of T . The val ue o f
8 iS

a measured by Deuling et al was approximately 10 cm for states 0.20 eV

• away from the band edge, and the roll—off occurred for states that lay

nearer the band edge. Boudry has indicated that ~i can be approximated
7 -•

by the following equation :

a lO
_15 

l + exp [( E  - E c~ +— Q. 16~ i U .013f l 1
cm~ (2.3)

Since we are concerned only with the roll—off region where the exponential

term is much larger than unity, we may approximate (2.3) by

— io ’~ exp[(E — E — 0.16)/0.0131 cm (2.4)

i i
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Substituting Eq. (2.4) into Eq. (2.1), we have

E1 __•&__ 
1 1

-rem V fl a exp(12.3 — 2kT~ 
- exp [(E

~
_E )(

~~ 
— 

O.O13fl
th 1 o

where o
~ 

= io
_15 

cm
2 
is the value of a in the midgap region.

In order to have a monotonically decreasing ten towards the Si

band edge, the requirement is

1 1
kT O.013 > °

which provides the criterion

T < 151°K

Hence, as long as we conduct our measurements at temperatures

less than l51°K we will not have to worry about the difficulties produced

by the roll—off of a.

The second deviation of the dotted curve from the solid curve in

Fig. 2.2 is that the dotted curve has a consistently higher value than the

solid curve when (E
~ 

— E) is larger than 0.25 eV. The reason for this

deviation is not clear. Two possibilities occur to us: First, if the roll—

off of a is sharper than that of Eq. (2.3), then the basic assumption used

in our method may become invalid at a threshold temperature less than l51°K.

The consequence will be that the electrons in some states which are close

to the band edge will not be emitted into the conduction band during the

period of supposed emission. We would then obtain a reading of interface—

state density higher than the true density. Secondly, it seems legitimate

to wonder whether the number of interface states may be a function of

temperature so that at lower temperatures one would see more interface states.

Finally, we shall say a few words concerning the difference
between the Gray—Brown method and our own . With the Gray—Brown method ,

4

the shift in flat—band voltage is used to measure the number of interface

states (per cm
2) located in the energy range that is scanned by the Fermi

level when the temperature is changed . In order to get a true reading of

-•~~~~~~~— - - --- ~~~~~~ - —- —------
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the flatband voltage, a measuring frequency higher than 200 MHz is required

to eliminate the interface—state capacitance at the flatband condition ,
7

as was mentioned earlier in this section. When taking C—V curves , it is

also necessary to use a ramp rate which is slow enough that the sample

remains in equilibrium with the gate bias, at least until the flatband

condition has been reached . With our method , the lower portion of the

deep—depletion curve is utilized . The values of measuring frequency and

ramp rate are not critical as long as the sample can be driven into the

deep—depletion regime, and this is easily achieved at low temperature.

With the Gray—Brown method , the effect of the roll—off of a, as represented

by Eq. (2.3), is to cause a spurious peak near 0.1 eV below the conduction

band edge if the measuring frequency is within 150 KHz to 1.5 KHz. With

our method , a roll—off would cause a misreading in interface state density

when the energy range is more than 0.371 eV away from the conduction band

edge. (Note: This level is where en = 10 sec at l5l°K.) And , lastly,

by vary ing the temperature from 89°K to 151°K, the Gray—Brown method will

cover the energy range from 0.056 to 0.113 eV below the conduction band .

Our method will cover the range from 0.214 to 0.371 eV below the conduction

band edge. Thus, the application of both method s will provide a wider

coverage over the upper—half of the bandgap .

2.2(B) Some Possible Difficulties With the LTD Method

In order to apply the LTD method correctly it is necessary to be

able to identify in the rising edge of the light—assisted curve a section

whcih is parallel to the corresponding portion of the deep—dep letion curve ,

i.e., the portion between points A and B of curve Set 2 in Fig. 2.3. The

ledge height is reduced and the parallel portion vanishes if the sample

temperature is too high, as was seen in Fig . 2.1. In the following, we

shall describe three other cases where the LTD method can not be properly

used.

Figure 2.3 shows two sets of 90°K C—V curves. Set 1 was taken

after a sample had been high—field stressed at 90°K, brought up to room

temperature and then cooled down to 90°K again. In the rising edge of the

light—assisted curve of Set 1, there is an easily identifiable portion (A—B) 

--~~~~~~~~~~---~~~~~~~---~~~ ~~~- -- - -- - -
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which is parallel to the corresponding portion of the deep—depletion curve

(C—D), and the LTD method can be applied without a problem . But if the

sample was allowed to sit at room temperature for a sufficiently long

time, the low—temperature light—assisted curve (between point E and F)

began to rise and finally reached the level shown by the dashed curve

(Curve 2). This curve has no identifiable parallel portion, and the LTD

method can no longer be applied with accuracy. A possible explanation for

the rising of the flat portion of the light—assisted curve could be an

increase in the number of defects in the Si substrate near the Si—Sb
2

interface. These defects might trap holes so that before the gate voltage

was ramped up to take the light—assisted curve, fewer free holes were

available in the interface region. The interface potential would then be

forced to increase (in the case of n—type sample) so that the hole current

away from the interface could balance the external charging current. The

increase in interface potential requires a decrease in the width of the

depletion region. Consequently, the capacitance during this period would

be raised .

Another difficulty in applying the LTD method can arise when

lateral nonuniformities are present in the capacitor . These will not only

distort the lower part of the deep—dep letion curve from the ideal deep—

depletion curve,
9’10 but will also prevent the occurrence of the parallel

portions between the light—assisted and the deep—depletion curve. This can

be easily seen by superimposing two sets of light—assisted and deep—

depletion curves having relative displacement’s along the horizontal axis.

The third difficulty occurs when the capture cross sections of the

interface states have markedly different values at different energy levels,

as was discussed in some detail in the previous section. The consequence

will be a . distorted set of C—V curves similar to those caused by lateral

nonuniformities.

2.3. Spatial Distribution of the High—Field—Generated Electron Traps

In this section we shall describe two approaches that we used to •

obtain information concerning the spatial distribution of the high—f ield—

generated electron traps in the oxide.
1’2 First , we examined the thickness

dependence of the C—V shift (caused by the charging of the traps). In the
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second approach we examined the bias dependence of internally photoinjected
current.

2.3(A) Thickness Dependence

Table 2.2 shows the amount of C—V voltage shift caused by

charging of the high—field—generated traps. Here is the voltage shift for

the l95O~ 
oxide and ~V2 

is the voltage shift for the 99O—~ oxide. These

data were obtained by adding the following two voltage shifts in the C—V

curves: (1) The shift between the 90°K deep—depletion C—V curves of a

sample before and after ~‘ie high—field stress. This accounts for the charging

of the electron traps by electrons which tunneled into the oxide during the

stress. The trapping of holes which could- have been generated by impact

ionization is neglected because the field intensities used in obraining the

data of Table 2.2 were not large enough to cause negative C—V shifts after

high—field stress. (2) The voltage shift AV
t caused by the charging of

the electron traps by the internal photoinjection of electrons . The

internal photoinjection was performed after the sample was warmed to 66°c

for a period of time and cooled to 90°K (see Sec . 3.4(B) of the last report 1).

AV
1 
and ~V2 

were measured after both oxides were stressed with

the fields shown in Column 1 of Table 2.2 for a period of 30 m m .  The

voltage shifts are shown in Columns 2 and 3, and Column 4 gives the ratio

AV1/~V2. These results provide some insight concerning the spatial location

of the generated traps. If the trap generation occurs only at the interface ,

then we may expect ttV /t~V = d /d , for the total number of generated1 2 oxl ox2
traps should , for the same stress field , be the same for both oxides.

• However, if the trap generation is a bulk effect so that the traps are

generated uniformly throughout the oxide layer, then we may expect

= (d 
1
/d 

2
)2, for in this case the total amount of t raps generated

and the d istance to the cha r ge cent roid ar e both propo r t ional to the thick—

ness. The results shown in Col. 4 of Table 2.2 support the view that the

trap generation is a bulk phenomenon , for which would expect AV 1
/AV

2 
=

(d /d ) 2 = 3•9~oxi ox2

I 

-------- - --
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2.3(B) Internal Photoemission Experiment

The photoinjection I—V characteristics can be analyzed to extract

information about the charge distribution in the oxide layer of an MOS

capacitor.11’12 
This technique is applied in the present section.

A l95O~ sample with an initial flatband voltage of —l.2V

was high—field stressed at 90°K with a field of 7.5 MV/cm for 60 sin.

Following the stress, and while the sample was still maintained at

90°K, 1.47 x 10
13 cm 2 of electrons were photoinjected into the oxide by

S eV light. This caused the deep—dep letion C—V curve to shift in the

positive direction by approximately 4.75 V , showing net negative oxide

charging . With the 5 eV l ight  sti l l  i l luminat ing  the sample, the substrate

current vs. gate voltage were measured point—by—point as the gate voltage

was varied from +IOV to —7.5V The results are plotted in Fig. 2.4.

Following the photo I—V measurement , a set of 90°K C—V curves were taken

which showed almost no change from the curves taken before the photo I—V

measurement , showing that the space charge had not been perturbed by the

measurement.

From Powell and Berglund ’s
11 analysis, if there is only negative

charge residing in the oxide , and if there is no charge located in the

image—force potential well , we may expect to have almost zero current when

the gate voltage lies between two voltages, designated as V and in

2.4, which are obtained by extrapolating the two principal portions of the

I—V curve to zero current. We find larger currents in the region between

V and V~ than would be expected from the simple model. This could be due to

the presence of charge in the image—force potential well adjacent to the

injecting contact ,11 or it could be due to a lateral nonuniformity in the

sample.
11 By comparing the measured deep—depletion C—V curves before and

after high—field stress, we observed that a slight lateral nonuniformity

had been introduced into the sample by the stress, and that this non—

uniformity was preserved after the subsequent internal photoinjection . Hence

both of the aforementioned causes may be responsible for the tailing that

we observe between V and V~ in Fig. 2.4. The shape of the tailing in the

• gate—positive regime is different from tha t of the gate—negative regime .

0 
- -  -
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(Note: Owing to the difference in the light absorption and the electron

injection efficiencies between the two electrodes, it is the shape of the

curve , bu t not the magn itude of the curr en t , that is important .)  This

difference in shape can be explained by the existence of different amounts

of oxide charge near the two electrodes.

Since the in itial f l atband voltage of this sample is only — 1.2V ,

wh ich is smaller than the C—V shift caused by the charging of the

electron traps (4.75V), we may, to a first order approximation , assume

that only negative charge was present in the oxide layer. If we let x

denote the distance between the centroid of the negative charge and the

gate, and let d denote the thickness of the oxide, then we have
OX

V -

+ x
I V I d —

~~~~~— ox

since V~ and V are the voltages required to overcome the potential barrier

created by the negative charge. From Fig. 2.4, V~ — 3.8 V and V = —5.6 V,

and from these we compute:

~ ~-O .4 d = 78O~ox

This result indicates that the centroid of the trapped negative charge

is near the middle of the oxide , a conclusion which is consistent with the

observed th ickne ss dependence of f latband sh i f t  descr ibed in the pr eceding

section.

2.4. Electron Trap Generation as a Function f Stress Field

In the last report1 we showed that the generation rate of electron

traps falls off as the time of stress is increased under a constant stress

field . En Fig. 2.5 we show a plot of electron trap concentration against

the stress field s the stress time being held constant at 30 m m .  The ‘

trap concentrations were obtained from the voltage shifts AV1 and ~V2 of

Table 2.2. The data show considerable scatter , but the results are consistent

with a linear dependence on the stress field above a threshold that is

somehwat below 7.0 MV/cm. Careful measurements on a variety of 

~~~~~~~~~~~~~~~~~~~~~~~~~~ - - • - -- - -~~ -~~~~~~~~ -- - - -
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samples indicate a threshold of approximately 6.8 MV/cm .

2.5. On the Donor—Like Interface States Introduced by Internal Photoinjection

at 90°K.

In the last repor t1 we mentioned that the injection of electrons

th roug h the Si0
2—Si interface after high field stress at 90°K appears to

anneal out many of the potential defects which act as a source of interface

states when the sample is warmed up. We shall now look more carefull y at

the C—V curves taken before the sample was warmed up.

Figure 2.6 shows the 90°K C—V curves of a BTL sample (n—type ,

92O~ , 3% HC1 dry oxide). Curve Set 1 is the deep—dep letion and light—

assisted curves in the initial condition. Set 2 was taken after the high

A field stress. The deep—depletion curve of Set 2 is exactly parallel to

that of Set 1, indicating that the uniformity of the sample was preserved .

The interface states density also remained the same. Set 2 was obtained

- ‘ 
after an injection of 1.14 x io’4 cm 2 electrons into the oxide at an

oxide field of 1 MV/cm. The result of the electron injection was to

increase both the negative charging in the oxide and the interface state

density (the latter is ind icated by the increase In distance between the

deep—dep letion curve and the light—assisted curve). When the electron injection

was increased to a total of 2.79 x io14 cm 2
, the C—V curves shifted to

Set 4. As can he seen, the deep—dep letion curve was distorted , as was the

light—assisted curve . The distortion of the curves could be due to either

the introduction of nonuniformities or to the creation of a new species

of interface states with a smaller effective capture cross section. Since

the uniformity of the sample was well preserved before the internal photo—

injection , it seems reasonable to assume that 4.8 eV UT l ight or a flow

of electrons under the relatively mild field of 1 MV/cm would be unlikely

to generate s t ruc tura l  nonuniformi t ies  in the samp le. This leads us to

argue that the distortion of the C—V curves was due to the generation of

interface states with capture cross sections smaller than those of the

original interface states. From the facts that the lower part of the deep—

depletion is parallel to the initial deep—depletion curve and that the

distortion occurs in an abrupt kink, it seems clear that the capture cross

- - - -- ~~~~~~~-
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section of the new i n t e r f a c e  s ta tes  was e i ther  of a s ing le  value or of

some distributed set of values with a sharp cut—off at the lower end . The

ori gi n of these st ate .-4 cou ld be the cou lombic p o t e n t i a l  of the trapped

electrons in the electron traps which were generated by high field stress

and located near the Si0
2
—Si interface. This model is consis tent  w i t h

three experimental facts: First , we have shown in Sec . 3.1(C) of the

last report 1 that the  voltage shift of the deep—depletion curve was caused

by charging of the ox ide during interna l photoinjection. Hence , no

addi t ional accep to r—l ike  s tates were introduced after the Interna l photo—

injection of electrons. The interface states induced by el e c t r o n — i n j e c t i o n

were thus donor—l ike . A negative p o t e n t i a l  could qu i te pos sibly Induce

donor—like states. Secondly,  since the electron traps were distributed

into the Si0
2 
(see Sec . 2.3) we would expect that the effective capture

cross section would have an e x p o n e n t i a l l y  decre asing dependence on distance
13f rom the i n t e r f a c e .  T h i r d l y ,  these sta tes appeared onl y af te r the

electron traps were charged with electrons.

When the samp le was warmed up to 66°C and cooled down , we obtained

the sol id curves of Fig. 2.7 (see Sec . 2.2 for a discussion of the lack of

a rising edge in the l ight—assisted curve ). The dashed curves were obtained

after the sample had been at room temperature for 10 hours. Both sets

of curves Indicate that the interface—state density had decreased greatly .
V

Compa re Set I of Fig. 2 .6  wi th  Set 3 of Fig. 2. 8 , which  shows results

obta i ned on a s i m i l a r l y  h i g h — f i e l d  stressed BTL sample which was warmed

up wi t hout having  been subjected to Internal  photoinjec t ion . We find that

a l thoug h Set 4 of Fig.  2 .6  shows more i n t e r f a c e  s t a te s  than  Set 2 of Fig.

2.8 , a f t e r  the samp les were warmed up and cooled down the interface—state

d e n si t y  of Fig.  2.6 was less than in Set I of FIg. 2.8. These observations

suggest that the type of interface states Induced by the Inject ion of

elec trons after hig h field stress Is d i f f e r e n t  f rom tha t Introduced 1w

the high—field stress alone . The latter can he a. ‘en l ed by the’ electron

inlection , while the former was induced by electron tn~t’ctIon and are

reduced in number after warm—up .

‘
I 
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In HC1—steam grown RCA samples, similar effects were observed .

However, the kinks in the deep—dep letion and light—assisted curves were

almost negligible.

Finally, a phenomenon related to the interface—state generation

induced by internal photoinjection will now be described . The phenomenon

will be demonstrated with the aid of Table 2.3. The samples were RCA

l950~ wet oxide~on n—type substrates. The portion of the table which is

above the dashed line is dup licated from Table II on p. 35 of the last report. ’

The samples and the stress conditions were the same for the data of both

tables. Our interest here is the amount of interface states , N , asCs
measured by the LTD method , after electrons were injected into the oxide.

With sample 4201, electrons were injected at 90°K with an injection field

of 1 MV/cm. After injection , N increased from 3.43 x lo
ll 

to

4.06 x 10 cm , or i\N — 0.63 x 10 cm . The sample was then warmed

up, and N began to decrease as was described previously. In the last

step of Table 2.3, N of sample 4201 was reduced to 3.46 x io
11 cm 2

,

which is very close to the value before the electron injection , i.e.,
11 —23.43 x 10 cm - For sample 4200, the electron injection was instead

per fo rmed at 66°C, but with the same injection field and the same amount of

total injection charge as that of sample 4201. After injection , N

changed from 3.36 x io11 cm
2 to 4.19 x loll cm 2 more than the corres-

ponding N sample of 4201 . This difference can be exp lained by the fact

that , as already mentioned in Section 4.3, the interface—state generation

of a high—field stressed sample can he increased by app lying a moderate

field at 55°C but not at 90°K. During the period of interna l photoin~ection

• of sample 4200, a field of 1 MV/cm was app l ied for approximatel y 3 hours

in total. In the 4th line for sample 4201 in Table 2.3 , it is seen that

the application of a field of 1 MV/cm ,without the simul taneous  i nj e c t i o n

of electrons, increased N by 0.21 x lo
l l  

cm 2 in 3 hours. Thi s value
Os 11 —~~

is very close to the dIfference , 0.20 x 10 cm , in AN between

• samples 4200 and 4201 after they had electron photoinjection at 66°C and

90°K respectively. Hence, it is plausible to assume that of the Increase

• : in N of sample 4200 after electron injection (0.83 x 1011 (‘m~
2) one

part was due to the increase of interface states induced by electron

injection (0.63 x iO~~ cm
2 from comparison with sample 420I~ and the 
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Sample No. 4200 Samp le No. 4201

N~5(cm
2) AN

55
(cm 2) N (cm 2) AN (cm 2)

I 
InItial . 2.38 x lO~~~ Ini tial . 2.28 x 10~~~

After high-field 
“
> 0.89 x IO~ After hi gh-field “)0.85 ~

stress / stress
St  II , St I II warmup 3.27 ~ 10 ‘.

~ 1 ) 1 warmup 3.13 x 10
> 0.09 ~ 10 0.05 x 10

33 hr at 25°C 3.36 x 10 4 hr at 55’C 3.18 x 10 __________

(E b. • 0 V/cm) (Ebj.s 0 V/cm) 10.2 1 *

3 hr at 55C ~~~~~~~~~ 
x

b Ias I Mv/cm) 

0.83 ~ ~~ x lO~~

e— i nj at 66°C 1e.19 x 1011 13 hr at 25°C.... 3.40~~
~~~~~~ I MV/cm) 

1 0.07 X lO~ 
(E~,1 — 0 V/cm) 0.03 * lo ll

19 hr at 25°C 4.26 x I hr at 55°C 3.43 x i0~~
CE — 0 V/cm) \ CE — 1 MV/cm)

b a s  )o b a s

25 hr at 25°C 4.26 x 10 11/ c - m i at 90°K.... 4.06 * 10 11

~~b i a s 0 V/cm ) (Eb ;~~~ 
I MV /cm) —0. 2 1 x

18 mm at 66°C... 3.85 ~ lo l l
(E b i — 0  V/cm) 1 1as -0.24 x 10

30 mm at 66°C... 3.61 x lo ll -

CE 1 — 0  V/cm) 11b as —0. 1 5 x 10

20 hr at 25°C.... 3.46 x lo
ll

(E
b i a • 0 V/cm)

- -- -- ______-  --

Table 2.3 . N ob taine by the LTD method for two RCA samples subjected to the same
h!gh—field stress but with different warm—up conditions and different
temperature for internal photoinjection. The part of the Table which is
above the dashed line was shown in Table Ii , p .15, ot~ the last report)

~T 1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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other part was due to the interface—state enhancement by the application of

the moderate field of 1 MV/cm at 66°C to the sample (0.20 x lo
ll  

cui
2
, as

suggested from the corresponding result obtained on sample 4201).

2.6 Summary

We have described a method for measuring interface—state distri-

butions by varying the temperature of the sample. The energy range covered

by this method is different from that of the Gray—Brown method
4 

within the

same range of temperature. Hence, the application of bot h met hods w i l l

achieve a wider coverage of the Interface—state distribution. We also

discussed some of the difficulties that can cause difficulties In the

application of the LTD method .

From the thickness dependence of the C—V voltage shift and also

from the bias dependence of photocurrent , we find ev idence that the high—

field generation of electron traps is a bulk effect. With a stress field

of 7.1 MV/cm to 7.4 MV/cm applied for 30 mm , the resulting concentration

of traps was in the range io’~ — io l6 cm 3
, and this concentrati on increased

almost linearly as a function of stress field above a threshold field of

6.8 — 6.9 MV/cm.
Lastl y,  we showed that although the injection of electrons into the

Sb 2 at 90°K after high—field stress increases the number of donor—like
interface states , the number of these states was greatl y reduced after the

sample was warmed . However , if the electron in jec t ion  was performed at  66 °C ,

the In te r face  states induced by the in jec t ion  did not d imin i sh  in number .

These facts will , we hope, provide additional clues concerning the atomic

mechanisms responsible for the formation of interface states.
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3. FURTHER INVESTIGATION OF RADIATION-INDUCED INTERFACE-STATE
FORMATI ON IN MOS CAPACIT ORS

(J. J. Clement collaborating)

3.1. Introduction

The investigation of the influence of holes and the effects of

temperature on the generation of new interface states in MOS capacitors

exposed to ionizing radiation , which was first described in the last

report ,1 has been continued . Results of experiments using a second

set of MOS capacitor samples having an oxide layer thermally grown in

dry oxygen are included in this report. These are also compared to

the previously reported experimental result.; on samples with oxides

thermally grown in HC1—steam .

In the last report 1 we presented evidence that irradiation

of an MOS capacitor with soft X—rays at 87°K produces negligibl y

small change in the number of interface states if the capacitor is

kept cold. However , an increase in interface states is observed

when the sample is subsequently warmed . This Increase occurs even
if the holes are annihilated by recombination with photoinjected

electrons before the warm—up process is begun. This indicates that

only a temporary presence of the holes at the Si02/Si interface is

required to initiate the interface—state generation process. The

results of our most recent experiments using dry—grown oxides confirm

these results previously obtained using the samples with steam—grown

oxide. However, a study of the temperature dependence of the interface

state generation process indicates some definite differences between

these two types of samples.

3.2. Description of Samples

The MOS capacitors used in these later experiments were

fabricated at Bell Telephone Laboratories through the courtesy of

Dr. E. N. Fuls and Mr. E. LaBate. The substrate was n—type (100)

silicon with 5—10 ohm—cm resistivity. On this wafer the gate oxide

was thermally grown in a mixture of dry oxygen plus 3% MCi at a

temperature of 1000° C to a nominal thickness o~ 1200 A, This was followed
by a 30—minute anneal at 1000°C in argon. The back contact  was
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+
formed by making an n diffusion, and aluminum was then vacuum

deposited on the back of the wafer . This was sintered in hydrogen for

30 minutes at 450°C. Setnitransparent’4 (15S1/~) circular aluminum

field plates, approximately 30 mils in diameter , were then evaporated

onto the front oxide surface. This set of MOS capacitors was designated

BTL—51677.

The processing steps involved in the fabrication of the MOS

capacitor samples with the steam-grown oxide used in previous

experiments were described in our last report.
1 

Those samples,

designated RCA-72876C, were made for us at RCA Laboratories through

the courtesy of Dr. K. M. Schiesier . The gate oxides of these samples

were a radiation—hardened type developed at RCA.
15

The main points in the preparation of these two sets of

samples are summarized in Table 3.1. The BTL samples had a much

smaller number of initial interface states than did the RCA samples.

Hence, changes in the interface state concentration had a greater

effect on the characteristics of the BTL samples which made the changes

easier to detect.

The sample chamber and experimental apparatus were described

in our last report.1

3.3. Measurements of Interface State Densities

Three methods for measuring interface states were used in

these experinents. The technique utilirtng the quasistatic C—V

curve to determine the interface state distribution as described by
16 11

Castagne and Kuhn was employed at a temperature of 333 K (60 C).

The quasistatic and high—frequency C—V curves were recorded at thh

temperature because of the extremely long minority—carrier response

time in the silicon substrates of our samples. The slight warming of

the sample allowed us to use a reasonable ramping rate of 30 to 40

mV/sec which minimized the effects of leakage current and noise on the

quasistatic curve.

At 87°K, a measure of the concentration of interface states

across the central region of the silicon energy bandgap was obtained

by using the ledge phenomenon observed in the high frequency C-V

curves of MOS capacitors at low temperatures. An example of this



- -~—--.—- ~w w  ‘T’~~ ~~~~~~~~~~~~~~~~~ - - i —‘ - — - - -- - - 
- 

i A ~M--..r - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— 32 —

C
C)
01
0
L

-V
>. —.E 0

~ C ~-..E
t-~ E L )  Lt~• . .
0 — 0  ~~~0 iu IA
00<  .a~ E
—
0 C) 1.1 C

4.’ 0 4.’ IDC > .  m N ID Eo 4J — t_. •
— C’ 0 C —-— > (_) 0.~~~~~—

~~ ‘4- L) ID E
4.’ 0 0 > ~~in UI &e 0 w o C C)

0 C) 4.’
UI UI 0 .. I.. C)

o C) + I) — C I.- i D E0 L C 0 0
— C .~~ 4.’ -— ‘4- U I • —
~— E C) U is UI C -or-.. 0 C ~ ID

s_s >.~~~~ • o ~~— ~~
— C) C X 4-’ C 01 ‘4- L
IA 0. 0 .— L. .— C) I EID E ID 4.’

4 . ’ —  C E DI.— I I L 0 D C  + .—
Il) ~~ c IA Q 4.’ -— C in (/1 4?
Ui
_Ia_

E 0
• 4/1

Ui
I— E 0

10 (‘1

~~ U. .~
.

~~ 0 L) (5
0< E

I-.
0 r - o  C) C
— ~~ 0 4.4

C > .  0 is C
0 4-’ 4.’ L

— U ~
— ( D c ’ 0 —
> 0. is

— .- 4.’ ’,- ID
4/1 -— 4.’ C 0 i.. > 4.’ k.
LU UI UI C) C) C C)

— in 0 Cl 4.’
.—. UI .0 VI LA .

~~ I.. C)
0 Cl E C) c ID C
D L  I D C  C 0 0. ID
— .X 4.’ C) .— U I . —

~0 -- E — U I D O l  UI C 0o ~~ .— 0 ID
— S = .C • I~ 14.. —

C) c: i 4.’ C 4.’ ~~.. 4 ...
0. E .— .— I C

ID (5 E C 0 -—
4 . ’ —  C) C O

‘- I ~.‘ 0 o C  + C)
C LA V) 4.’ — •— C Ill

‘a
4.’ U C)

C) is is 4.,
C) 4.’ ID4-’ .- C —
ID x o o

0. UI Cl 4) C .~~ — 
I’.’

E .0 4) in C U C) . -
is o is is

• in 4/1 4.5 fl. U. 
~ ~~

.

- t
&





-- 
.- 

~~
— 

~
-
~

-
~~

----- ..--
~~

- -,-
~
-----

~~ ~~~~~~~~~~ 
- -~

-—-— —-.~-—~~.— -~~~~~~ ---~- z ~ ~~~~~.TLT~—, 
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~

— 34 —

-l -1 —±----—---I---- I

+

- \

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

VI

I..’
(44

‘4-4
0
(I,
C)

s-I
S

~~~~~~~~a3 

- 0  
I-

C)
—4

14
S
4-I

n
N

C)

Ui 4 ) 4 )
Cl
01-o

L) 4)
0.

W E
.
~ 3

I4-I Q
C~~t)

U. a) ~
0. I~-

- •  . . N

10
—4
,,‘~z

0
--4

0 —

D L) UJ ..J
S- -i

-, —4--——-- I I I - I
C O~~ CO 5’ s_s U -~~ ~~~ N - 0

:__ 

~~~~~~~~~~~~~~~~~ 0



- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~

— 3 5 — . 
-

part of the interface state generation occurs after the holes have

had t ime to reach the interface. 25

It is well established tha t holes in thermally grown silicon

dioxide are subject to a temperature—ac t ivated , field—dependent

transport process through the oxide.26 33 
Thus, at liquid nitrogen

temperatures and for low values of app lied electric field , the holes

are essentially immobile and are trapped through the oxide near the

point of creation . However, it has been shown that the motion of

holes through the oxide can be enhanced by app lying higher electric

fields and/or by illuminating the device with light having photon

energies in the range from 1.6 to 2.0 eV.33’
34

The purpose of these experiments was to further examine the

connection between the transport of radiation—produced holes to the

Si0
2/Si interface and the creation of interface states, 

as well as

the effect of temperature on the interface—state formation process.

The gene!al experimental procedure used in the study of the dry-oxide

[J BTL samples was the same as tha t used on the wet—oxide RCA samplirs

described in the last report. ’ To review hriefl~~: After recording the

Ii 

inItial high—frequency and quasistatic C—V curves at 333°K, the MOS

capacitor sample was cooled to 87°K, and the initial Interface

state density was measured by the LTD method . The sample was then

exposed to soft X—rays to produce hole—electron pairs; the electrons

were rapidly swept out by a low electric field app lied to the sample

during irradiation , leaving the holes trapped through the oxide. The

holes could then be transported to one interface or the other by

app l ying a larger electric field together with excitation by visible

light . The remaining holes were annihilated by recombination with

photoinjected electrons.35’36 The interface state density was again

measured by the LTD method , and the sample was then warmed to observe

possible temperature effects on interface state generation. The

results of these experiments on the BTL samples are summarized in

Table 3.2 as follows:

Column I identifies the samp le. A fresh sample was used

each time . All fresh samples were essentially identical .

Column II shows the number of interface states , N i (‘m~~
), as

determined on the fresh sample at 87°K by the LTD method , using Eq. (3.1).

-

~ 
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• Column Iii shows the app ] led gn u t’ voltage d u r i n g  a 20—rn I f lut e

ir r a d t at  ton w i t h  so i t  X—ray s at  87° K . Th i s  b in s  w i l l  q u i c k l y  d r i f t  the

• m int ion—produced electrons to the pos I t lye c lee trode hut will result

— 
In very l ittle transport of holes In the oxide ’ at this temperature.

S m et’ t in’ s of t  X—r i i v s  wi l l penetrate t o  the S I ft,/S I I nt or face , some

ho t  c’s wi l l  he produced and trapped In this cr1 lea I I nterfnc tat region.

Also , i t  appea r s that holes gen er ated In the bulk of the Si0
2 

will

have some’ (n i t  in I mot ton before being immohi I I ~ed in t r a p s . 
2b .27 and

with .- i pOS -I t I ye’ ga t e’ bias , t II Is met Ion will hr ing some’ ho 1 es Into the

inter Inc e . Wit it a negative gate hi as • some of the rod I at ion—produced

ho les in the s u bst r at e  may d r i f t  Into the interfacial reg ion. Thus.

we’ expect some trapping of holes near tu e interface for ci tiler

polar i ty of ga t e’ voltage , hut , at these low f it ’ ]  els and without light

• assistance , the main body of the h o l e s  in t ite ’ bulk of the ox tde~ will

be t ’sSt’Ilt t a lly immob 11 v a t  87 °K

Column IV l ists the got e bins which wa~; app lied for three

hours at 87 °K to rausper t t he’ m d  t a t  to n—predut ’ t’d holes through the

hulk ii f the cix Ide. The transport of ho It ’ s dur lug t his per Lod was

•s s s i s t t ’e i  by i l l um i n a t i n g  the samp le with visible . I (gilt ‘ wh i ch

W~I s pr ovided by :~ liausc’h and I.omh tungs t t’fl hti lid l amp sotirc e f l i t  ere ’d

hr ough a wa te’r (‘011 and :~ yellow ( 3—t8 Corning ) f ii t er - A f t  or the

drift of t in’ holes through the o~ Ide , any rema In lug he I ~~~ • wl~c t her

trapped in the’ hulk or at t ht ’ m t  e’r foe e, we’re’ ann (hi ta t ed by r ec om—

blunt ton with photo in lee ted el o ct  rons at  87 ~K. (! It m v  I’’ Ic light with

a photon t•nergv ot approx Ima tel v S ~‘i W a s used for t Ii is 
~~~~~~ ~~~ ‘~~~~ ‘ -

Co l umn V gives tilt’ den sity of Interf ac e states ~It 87°K alter

t in’ t rt’atment us t dt’ser (bed . Compar (son with Co I umn I shows t ha

he number of t n t er face states remains Vss4eflt I a I lv un changed at 87 °K

aft ~‘r the exposure of t he samp it’ t o  X — r a  vs • t r a n s p o r t  o t holes t hrotIgil

I ho ox ide , and photo (nice t i on of e l e c t  tons to aun t 111111 t e t h e ’  re’ma fsi l ng

holes.

• Column VI shows the’ Cf Ice t of wormIng t he samp to . The samp It’

was kept at  room temper ature  for several  (approxImately 12 — 1 8 )  h o u r s .

The high— frequenc y and pins (stat Ic curve wiis shall owtr’r and broader (wi h
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the exception of sample BTL—l) than the intial curve Indicating an

increase in interface states. The sample was again cooled to 87°K

so that a direc t comparison of N
i 
could be made using the LTD

j 
technique. As indicated by the larger values of N

1 
listed in this

column , the width of the low temperature ledge had increased . In

addition , the Cray—Brown shift of the flatband voltage was larger than

it was for the fresh sample. All three tests indicate tha t Interface

states were generated upon warming of the sample.

Column VII shows the net increase In interface states that
-:  resulted from variations in experimental treatment of the four samp les.

We can make the following observations from the results shown

in Table 3.2. First , from Column V , we see tha t none of the sequences

resulted in an appreciable increase in interface states so l ong as

the sample was held at 87°K. The interface states appeared onl y

during or after warmup. Second , the four different sequences show

appreciable differences In Column VU .is follows : On Samp le BTL— 1 , 
- 

- - -

which  had no X— ir rad lat ion and served as a control sample , the Increase —

in N
1 
after warming was negligible. On Samp le BTL—2 , w h i ch  was

I rr ad iated w i t h  posi t i ve gate  bias bu t which had no subsequent d r i f t
rI of holes to either interface , the increase in interface states was a

moderate one which may be’ associated with holes that were produced near

the interface and trapped there. On Samp 1 e BTL—3 , where’ t ue holes

p roduced In the ox ide bulk  were t ranspor ted  t o  the ga t e , the  In t ’rease

In interface states was similarly moderate In value. The slight

d i f f e rence between Samples B TL— 2 and BTl~—3 is most likel y duo to the

decreasing interface field as the positive charge build—up occurs

during irradiation for the case of negative gate bias . On Samp le

BTL—4, however , where the holes in the hulk were transported to the

S[0
2/Si interface , the increase in interfa ce’ states is quite appreciabl y

greater. These results a r e quite simila r to t hose obse rv ed in t he

exper iments  us ing  the RCA samples as was described In the l a s t  report.
1

Thus , the genera t ion  of in t e r f a c e  s ta tes  appe ars to he

as.qoc l nt ed  wi th  holes at  the In t e r f a c e ’ , and n e ar l y  all the states

make t h e i r  appearance a f t e r  the samp le Is wa rmed . However , si nce

I,  
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the holes were annihilated by recombination before the sample was warmed ,

merely the temporary presence of holes at the In~erface appears to

be suffic ient to start the interface—state generation process. This

behavior suggests that the formation of interface states is not a purely

electronic process but is electrochetnical in nature , perhaps involving

bond breaking and relaxation of borken bonds,

3.5. Temperature Dependence of the I n t e r f a c e — S t a t e  Formation Process

In order to obtain more information on the temperature

dependence of the interface state generation process, the following

experiment was performed . Sample BTL—4, having undergone the treatment

outlined in Sec . 3.4 and Table 3.2, was warmed In a series of

increasingly larger heating and cooling steps much like those described

for an RCA sample in the last repor t)  Following the a n n i h i l a t i o n  of

the remaining radia t ion—induced holes by recombina t Lon w i t h  pho t o—

Injected electrons, the sample was warmed to a particular temperature and

kept there for one hour . It was then cooled to 87°K to measure the

change in the interface state density using the LTD method . The

sample was heated (and cooled to 87°K) in successive steps to

temperatures of 110, 130, 160, 190, 220, 250, 290, 333°K. The total

increase in the number of interface states following the final heating

step was 1.25 x loll cm 2 as computed from the net change in the width

of low temperature ledge. The percentage of this increase , which was

observed following each step of the heating and cooling cycle’, is shown

in Figure 3.2. Uncertainty in the exact percentage of ~he Increase

in the number of interface states below 190°K is indicated in this

figure (by the +‘s snd x ’s connected with a line). This uncertainty was

a result of a double bump in the light—assisted curve for this sample

which , of course, affects the measurement of the low temperature ledge

u~~ d to determine the concentration of interface states. This effec t

was not observed on the fresh sample , and shrank as the sample was

warmed , vanishing completely with the sample was warmed to 190°K.

This was the only sample for which this effec t was detected . A likely

explanation for this observa t ion is the presence of positive ions on
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the sample surface around the field plate which could create a small

reservoir of electrons when the sample is biased into deep depletion.

After the temporary illumination of the sample, in the course of

ramping the applied bias up toward accumulation , at a certain surface

potential it would be possible for these electrons to fill some of the

interface states giving rise to the two bumps observed only in the

light assisted curve. As the sample was warmed , then , the ions may

have been removed from the surface.

In order to help resolve this uncertainty another sample

(BTL—6) was subjected to a similar experimental treatment . The

sample was cooled to 87°K, and the initial concentration of interface

states was measured via the LTD technique. With the gate biased at

+18 V 1 it was exposed to soft X—rays for 22 minutes. The sample,

with the temperature still at 87°K, was then biased at +36 V for three

hours while illuminated with visible light from the Bausch and Lomb

tungsten—halide lamp filtered through a water cell and a yellow

(3—68 Corning) filter. As described previously, this procedure

transports the radiation—produced holes trapped throughout the oxide

bulk to the Si0
2
/Si interface. Electrons were photoinjected into the

I) oxide to recombine with the remaining holes, and the interface state

concentration was again determined using the LTD method .

The sample was next warmed to a particular temperature and

held there for one hour , then cooled to 87°K so that any change in the

number of interface states,as detected in the low temperature ledge~
might be noted . The sample was heated (and cooled to 87°K) in

successive steps to temperatures of 120, 140, 170, 200, 230, 262,

295, 333°K. The total increase in the number of interface states
it 10 —2

following the last heating step was 9.7 x 10 cm - The percentage

Ii of this increase which was observed following each step of tile heating

and cooling cycle Is shown by the circles (0’s) in Figure 3.2.

It is apparent from comparing the x ’s and 0’s in this figure

that the interface state generation in these two samples c l o s e ly  follows

the same general trend .



jr ~~~~~r’ ~~~~~ i~’~~ :~z .~~~~-, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~

— 42 —

Sample BTL—4 was kept at room temperature for 7 days and

the concentration of interface states was once again checked using the

LTL technique. The Interface states had increased by less than

0.35 x 10
10 

cm 2
, which is a change of about 2.7% of the total.

Therefore, one can conclude that essentially all of the interface

states are generated within one hour of warming the sample.

The results of a similar experiment performed on an RCA

MOS capacitor sample with a steam—grown oxide , which was described

in the last report,
1 is reproduced here in Figure 3.3. Comparing

the results in Figures 3.2 and 3.3, the obvious difference between the

two types of samples is that the BTL dry—grown oxide has a smaller

percentage of interface states generated below 190°K than did the

RCA steam—grown oxide. The difference is made up in the temperature

range between 220 to 290°K, the last heating step (to 333°K) having

about the same percentage of interface states generated for both

samples.

The task of drawing conclusions from the information in

Pigures3.tand 3.~ is made difficult by the lack of an adequate general

theory on the origin and physical nature of interface states.
37 

This

type of experiment might be useful in studying the effects of impurities ,

such as water or hydrogen, introduced during oxide growth , post—

oxidation anneals, or other variations in processing parameters on the

temperature dependence of the rad iation—induced interface—state

parameters. If a controlled study of this type were carried out , one

might be able to obtain some insight concerning the true nature of the

radiation—induced interface states. For example, the interface states

generated in the heating steps below 190°K in the experiments described

above could possibly be associated with the presence of hydrogen or

water (OH) at the interface and the breaking of Si—H or Si—OH bond s,

since one might expect the RCA steam—HC1 grown oxides to have more of

these bonds at the interface than the BTL dry oxygen—HC1 grown oxides.

This is purely conjecture at this point , however. More work in this

area is indicated .



- ~~~~~ --- - 
~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ -

~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ J~~w ~~~~~~~~~~~~ i-~~
--

~~~~ 

-

~~ 

-

~~~~~

F

~NV 

0 

~~~ 

I _ 
~(~—1 ~ef r . 4 0 t~I —

~~~~~~~~~~~~~
‘•

~
‘

I t~i ~I 0 ~~ ~~~~~~~ -
+ 0  ~~I c ’-4 1— 4J IJ
I -~~ w t ~0 ~~~~~~~~~~W 1-’~~~I o Q _  ‘~4- co ~~I — iii 0 1-4

I 1-- w~~~ i
I 1-i $.i~~ ..J
1 0  5 0
49

o
~~~~~~~en 4.
~40 .4.
ox

0
o

—
W(V~

“-4 ~~

0 Ii~~~(~~~~ -~
0

I—

1 Nv 1YJOJ. dO 3~Y1N~~~~ d 



— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— — -
~~~~~~~~~~~~~~~~~~—~ —— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
~~~~~~~~~~

- 44 -

3.6. Energy Distribution of the Radiation—Induced Interface States
in the Silicon Bandgap

An effort was made to determine the energy distribution of

the interface states, 
~~ 

throughout the silicon bandgap, after

exposing the MOS capacitor to ionizing rad iation , and to compare this

with the initial interface state energy distribution of the fresh

sample. The energy distribution of int er face  states was comput ed using

the quasistatic C—V curve technique as described by Castagne16 and

Kuhn.’7 This method is useful within a region limited to about ± 0.3 eV

around m id—gap .38

The typical initial distribution of interface states across

the center of the band gap for a fresh BTL MOS capacitor sample Is shown
in Fig. 3.4. This distribution was calculated using the quasistatic

curve of Sample BTL—2 but is typical of all the BTL samples. It

exhibits the U—shaped N distribution which has often been observed
ss

before the MOS capacitors. Also shown in Fig. 3.4 is the interface

state distribution for Sample BTL—2 after it had been irr ad iated at

87°K and then subjected to the experimental treatment tha t was outlined

in Sec . 3.4 and Table 3.2. One can see that there is a slight bump in

the computed interface state distribution which is very wide and has

its peak at about 0.52 eV below the conduction band .

The third curve in Fig. 3.4 is the interface state distri-

bution calculated from the quasistatic curve of Sample HTL—5. This

sample was exposed to X—rays at 87°K following the same experimental

procedure as was given Sample BTL—4 described in Sec . 3.4 and Table 3.2,

with the exception that thissample was not warmed to room temperature

in cyclic steps as was BTL—4 (see Section 3.5). The onl y difference

between the treatment given Samp les BTL —2 and BTL — S , then , was that

BTL—5 was subjected to a post—irradiation positive gate bias for

three hours to drive the radiation—produced holes to the 5102/SI

interface whereas BTL—2 underwent no such treatment after exposure to

X— ray s . Again , one observes the presence of a bump in the i n t e r f ace

state dis tr ibut ion as computed for Sample BTL—5 shown in Fig.  3 .4 .

The bump is very wide and has a peak at approximatel y 0.49 eV below 

--—-- - --  - - - - -
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states in ML MOS capacitor samples as determined
from quasi—static C—V curves .
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the conduction banc~, whIch is roughly the same location as the peak in

the interface-state distribution of Sample BTL—2.

In order to confirm tha t this bump in the interface state

energy distr ibution is not just  an a r t i f ac t  of the measurement

technique , the high—frequency C—V curve of Sample BTL— 5 was recorded

using a modulating signal with a frequency of 1kHz . A PAR model 124A

lock—on amplif ier  was used for this purpose. Changes in the shape of

the high frequency C—V curve caused by vary ing the frequency of the

a—c test signal are a result of the frequency dependent response of

the interface states.39

The l-kHz high—frequency C—V curve is shown in Fig . 3.5

along with the 1—MH z high—frequency C—V curve (recorded using a Boonton

Model 72A capacitance meter) and the quasistatic curve. The l-kHz

curve shows a well defined ledge which is due to the presence of

interface states. The width of this ledge corresponds to a certain

range of capacitance values on the quasistatic C—V curve and also to

- I  a certain region of gate bias. Using the quasistatic C—V curve to

establ ish the r elation be tween t he gate bias and surface potential , it

is possible to find , approximately, the corresponding range in energy

within the silicon bandgap at which the interface states responsible

for the ledge in the l-kHz C—V curve lie. This is shown in Fig . 3.4

by a bracket which extends from about 0.435 to 0.585 eV below the con-

duction band . This region includes the major portion of the bumps which

were observed in the interface state dis t r ibut ions as computed by the

technique using the quasistatic C—V curves.

These results give a further indication that the generation

of radiation--induced interface states may be due to a bond breaking

process caused by the holes impinging upon the interface. The peak

in the interface state energy distribution , N , may be due to a

particular specie jof broken bond which would have certain localized

energy states assoc iated with it.

3.7. Summary

In addition to the positive charge buildup in the oxide due

to the trapping of holes , another effec t observed in MOS devices exposed
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to ionizing radiat ion is the generation of new in t e r face  s tates .  I t

has been determined by previous workers that  this in te r face  s ta te

generation is dependent on the transport of holes to the S10
2
/Si

Interface ,23’
24 

and the experiments performed in the course of this

investigation support this finding . In this study, the MOS capacitor

sample was irrad iated at 87°K for two reasons. The transport of the

radiation—produced holes trapped throughout the oxide bulk at 87°K can

be controlled so that  one can determine the inf luence of the relative

amount of holes transported to the interface on the resulting

generation of interface states. In addition , irradiating the sample

at 87°K allowed us to study the effect of temperature on the interface-

state formation process. The concentration of interface states was

determined by a technique which uses the ledge phenomenon found in

the C—V curves recorded at low temperatures (LTD method). Tvo types

of MOS capacitor samples were used : one set had RCA HC1—steam grown
4 oxides, the other had ML HC1—dry grown oxides.

The fo llowing conclusions wer e r eached f rom the r e su l t s  of

experiments on both types of samples:

1) MOS capacitors exposed to Ionizing radiation at 87°K

show negligible interface—state generation for periods up t o  three

hours.

2) Upon warming the samp le , interface states are formed . The

temperature dependence of the generation process was studied by heating

the sample to progressively higher temperatures followed by cooling to

87°K. Similar behavior was observed [or the RCA and BTL samples, but

with differences which may be due to the different processes used in

the preparation of these devices. For temperatures in the 87°K to

l40°K range, there was some interface state formation observed . The

percentage of the total increase in interface states, ~N1, was larger

for the steam—grown RCA samples than the dry—grown BTL samp les. Betwee n

140°K and 220° K there was very l i t t l e  increase In i n t e r f ace  s ta tes

for both types of samples. Warming to temperatures in the 220°K to 290°K

range resulted in a further increase, with the dry—grown BTL samples

- - -- ~~~~~~~~~~~~~~~~~~~ 
I L~44
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• showing a larger percentage increase of the total ~N1 
than the steam—

grown RCA samples. The final heating step to 333°K showed a similar

increase in the percentage of the total ~~~ for both types of samples.

This type of experiment might be used in a controlled stud y of

MOS capacitors  in which variat ions in the preparation of the samp les - -

on the temperature dependence of the interface—state generation could

be investigated . In this way, one might be able to determine the physical

nature of the interface states and/or the mechanism of interface—state

generation.

3) The i n t e r f ace—s ta t e  generation takes p lace desp i t e  the

fact that the holes had been annihilated by recombinatlon with

photoinjec -ed electrons before the warm—up process was begun . However ,

at least the temporary presence of the holes at the Si0
2
/Si interface

was necessary to initiate the interface—state formation process.

For the BTL samples the energy distribution of the radiation—

induced interface states, N , was determined from the quasist~iticss
C—V curve . A broad bump in this distribution was found which had its

peak in the region between 0.435 and 0.585 eV below the conduction

band . That this peak in N was not an artifac t of the measuremen t
ss

techn ique was con f i rmed by the appea rance of a led ge in the  high—

frequency C—V curve when the frequency of the a—c test si gna l was

lowered from 1 MHz to 1 kHz.

From the characteristics of the interface state formation

observed in these experiments, it appears that the generation process

is elect rochemical In nature . More work is needed to determine the

mechanism by which new interface states are created ; however , it

seems likely that one or more bond breaking processes are involved .

I
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I
4. HIGH FIELD EFFECTS IN A1

2
0
3 
ON Si

(S. S. Li collaborating)

4.1. Introduction

The injection and conduction mechanisms of the charge carriers

in Al
203 films on silicon substrates have been investigated by many4 40—42

workers. The very high concentration of the electron traps
18 — 3 1(> 10 cm ) whose spatial and energy distributions are quite

complicated 43 46 
causes these studies to be very difficult. However ,

it is believed that owing to the high electron trap density, trap—

assisted tunneling is the major mechanism for the charge injection.40 43

Comparison of the current levels under high-field stressing at

both room temperature and 100° K shows that cemperature has a pronounced
effect on the dark current . We also noted that a significant amount of

• charge which cannot be tunnel—emitted at high field and 100°K, and whose

optical energy is deeper than 2.8 eV, can be thermall y detrapped at low

fields when the sample is warmed up to room temperature. Since the trap

de n s i ty  is ver y h igh (average intertrap distance smaller than 75

this indicates th at thermally activated hopping between the traps

cont r ibutes to bulk conduction in the Al 203 .

Self—quenched breakd owns were observed when gold field plates

were used on the A1
203

—Si sutructure and when the insulator was biased

to high fields with the field plate negative. The breakdown rate was

found to Increase with time. No self—healing breakdowns were observed

with aluminum field plates, but destructive spots did appear on the gate.

We also found the breakdown strength at lO0°K is higher than at room

temperature. Previously, we reported that the electrical—optical

phonon scattering mean free path in the oxide appears to be 4 5  ~~1,
47 ,48

This ind icates that impact ionization is not likel y to contribute to

the breakdown mechanism . We are studying this matter further.

4.2. Sample Description

The MOS capacitors , which were fabricated at Bell Laboratories

h’S- courtesy of David Boulin , had 90°C pyrolytic-grown A12
0
3 
on either

it

-

I LI
‘—4
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Owing to the large barrier height between the electrode and
the insulator ,50’51 the current will be limited by the injected carriers.
However, as will be shown in the next section, we also found that trap—

assisted conduction processes occurred in the bulk of the oxide.

4 .3(B) . Measurements at 98—lOO°K

The field stressing experiments were also performed on the

Al—A 1203--Si st ructures at 98— lOO°K. As is shown by the dashed curves

of Fig. 1(a), the capacitor s can sustain higher fields at low t emperatu r e ,

and the currents are smaller at a given voltage. This suggests that a

thermally activated process is important in the transport mechanism in

A1
203

. In order to investigate the temperature effect, we cooled the

sample (which had a semitransparent gate) down to 94°K, and biased it

to an average field of 4.67 MV/cm for 10 minutes. After stressing the

flatband voltage was measured to be 10.5 volts. We then applied —6 volts

(average field ~ —1.3 MV/cm) to the sample for 27 minutes, after which a

2.4-volt negative flatband shif t  was observed . This indicates back—

tunneling of charges that had been captured close to the interface.

Keeping the sample at —6 volt bias, we utilized light with photon energies

of 2.0 eV, 2.5 eV and 2.8 eV in successive steps of 40 mm each in an

attempt to photodepopulate the trapped electrons . No significant change
was observed. The same observation was also made while biasing the sample

at the flatband voltage and attempting photodepopulation. Thus the optical

depth of the trapped electrons is greater than 2.8 eV.

We then allowed the sample to stay in accumulation (interface
5field = 8.9 x 10 V/cm) and warmed it up to room temperature. C—V

measurements showed a 1.32—volt negative flatband shift after the interface-

state effect was substracted . The minimum amount of charges lost by the

sample to give this flatband shift was calculated to be 1.36 x i0
12

electrons/cm2.

Using the sample which produced the lower dashed curve of
Fig. 4.1(a), we biased it at +16 volts and warmed it up. During warming

there appeared two current peaks which strongly indicated thermal

emission of trapped electrons. 

~~— --—~~~~~
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On the other hand , we biased a p—type sample at —22 volt for

80 minutes, then cooled the system down. A 2-volt gain of flatband

voltage was observed .

Direct tunneling via traps into the conduction band is a

process that would be independent of the temperature.52 The annealed

charges which are not emitted by high field at low temperature must be

detrapped by other processes. Since the density of electron traps is

very large (average distance between traps less than 75 ~ ) ,  it is very

probable that a thermally activated hopping process can occur in the

oxide. Poole—Franke] . emission (thermal emission over a field—lowered

barrier) may contribute to the decrease of charge storage, also.53

Three inj ection models for electrons are shown in Fig. 4 .3 .

In all three, electrons tunnel from the negative electrode into traps.

The charge carriers in the traps can be relaxed into the conduction band

by (a) thermal emission, (b) tunneling ,
40’54 or (c) thermally assisted

tunneling. The charge trapping changes local band bending, which affects

all of the tunneling processes.

4.4. High—FIeld Breakdown of A1
203

The field strength of Al—A12O3
—Si is indicated in Figs. 4.1

and 4.2. It will be observed that most of the samples (450 ~ in

thickness) will break down within 1O4 sec under +18 volt or —25.5 volt

bias. Although there were some variations from wafer  to wafer  in the

average time needed to break down the oxide , the electronic properties of

the various samples were found to be very similar .

4.4(A). Effect of Temperature

The breakdown strength of the A12
0
3 
samples was always higher

(for the same stress time) at l00°K than at room temperature . As shown in

Figs. 4.1(a) and (b), the samples sustained —28V and +22V for ~~ sec at lOO°K.

The charge trapping Is indicated by the results shown in Figs . 4 .2 ( a )  and (b ) .

Because of the large barrier height between the silicon substrate and the

A12
0
3 
valence band ,

46 ’51 the hole injection level is expected to be very low.

It is found that hole trapping , unlike electron trapping , increases graduall y.

We also indicated previously that there was electron trapping at low 

~~- - — - -~~ ~~---- - -_ - - - _
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Fig. 4.3. Models of trap—assisted injection of electrons. (a) T u n ne l i n g
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harrier for emission may be lowered by the Poole—Frenke] eff ect.
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by thermal l y assisted t unn e l ing In to the conduction band of the
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temperatures. Therefore, it appears that the maximum localized field

at lOO°K is not less than at room temperature .

4 .4 (B) . Self—Quenched Breakdown (SQBDI

We investigated the effect of negative field stress on Si—500

A1203—Au structures.  The current vs. time at room temperature is shown

in Fig. 4.4 for two bias voltages. Comparison with Fig . 4.1(b) shows

that the current level for the Au gate is about two orders of magnitude

smaller than for an Al gate at the same average field . The influence

of the contac t barrier height for electrons (4.1 eV for Au , 3.2 eV for
50,51Al) on the current is quite prominent. Similar to the results

obtained with negative corona charging , the C—V curves always show a

negative flatband voltage.
1

As is indicated in Fig. 4.4, self—quenching breakdowns began

af ter  9 x sec at —27 V (average field of 5.3 MV/cm ) . The breakdown

rate was found to increase with time until the sample finally reached a

state of high conduction. The breakdown spots for a sample

with a p—type substrate are shown in FIg. 4.5. WIth the semi—

transparent gate, a large area of gold around the breakdown spot can be

vaporized . We also evaporated gold gates on the n—substrate sample used

for Fig. 4.1(a). Self—quenched breakdowns were also observed in this

sample under high negative bias. The samples with Al gates did not

exhibit the self—quenching effect , although breakdown spots did appear

on the gate, as shown in Fig. 4.6. It would seem tha t the breakdown

occurred at a single localized spot.

4.5.  Further Consideration of Breakdown Mechanisms

Our previous report1 shows that with high negative bias, electron
trapping occurs close to the front surface whereas hole trapping occurs

near the Si—A1
2O3 interface. With a gold gate, a —5V flatband shift

occurs at a field of approximately —5.5 MV/cm. If all of the hole

trapping were located near the interface , the concentration would be

4.33 x 10~~ holes/cm
2
. This high concentration again suggests that

trap—assisted tunneling is the major injection mechanism .

I 
- - —~~~~~~~~~~~~~~~~~~~~~~~~~~-- ~~~~~~~~~~~~--  
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Impact ionization depends very much on the mean free path of

electrons between scattering events with optical phonons. At low

temperatures the number of the optical phonons is reduced ; thus the mean

free path of the charge carriers is increased . If the breakdown

originated from the impact effect, it would occur at lower fields at

lower temperatures. However, our experimental results do not verify

this expectation . We also reported that the mean free path between the

electron and otpical phonons in Al~ O3 is 4_ 5~ ,1~ 46 48 which is one—sixth

of that in thermally grown SiO
2~
5 ~ This again ind icates that the

number of hot electrons will be quite limited in A1203
. We observed tha t

even at high fields the current is stable and does not run away.

It therefore seems that impact ionization is not an important factor

in the breakdown of CVD Al
203

. It appears to us that the instability

leading to high—field breakdown may be explained on the basis of field—

dependent shallow and deep trapping , and the influence of the field—

dependent trapped charge on the charge—carrier injection.

4.6. Summary

(1) Because of the high concentration of electron and hole

traps in the A1
2
O
3
, charge—carrier injection is believed to be domianted

by trap—assisted tunneling. -

(2) The bulk traps can also contribute to the conduction

mechanism through the processes of field tunneling, Poole—Frenkel emission ,
and perhaps a temperature—activated , field —dependent hopp ing process.

(3) Present estimates indicate that impact ionization is not

an important mechanism In the high—field breakdown of CVD Al203 
on Si.

(4) Future work will concentrate on the study of the character-

istics of the electron trapping and hole trapping in the Al203, and on

deduc ing a satisfactory model for breakdown.
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5. INVESTIGATION OF HIGH FIELD EFFECTS IN Al-A12
0
3
-Si CAPACITORS

(0. Bar—Gadda collaborating)

We report here on the continuation of experiments relating to

charge storage and dielectric breakdown in Al203 
on silicon substrates.

5.1. Samples

Our samples were fabricated at Bell Laboratories through the

courtesy of G. E. Smith and D H. Boulin. The substrates were both

p—type and n—type (100) 4—6 ohm—cm silicon . The Al2
0
3 

films were CVD

deposited at temperatures of 815 and 900°C to thicknesses in the range

450—550 ~ Various kinds of field plates were used : l0OO—~ Al , 2O0—~ Al ,

and 1000_g Au.

5.2. I—V Characteristics

We have measured the I—V charac ter is t ics  of the Al—Al
2
0
3
—Si

capacitors. The difficulties encountered are two: (1) The large amount

of electron trapping causes the oxide field to change rapidly, and therefore

the current also. (2) On application of a voltage pulse , there is a

capacitive displacement—current transient in addition to the injection

current. These difficulties we attempted to overcome by use of the

circuit in Fig. 5.1. The value of the capacitor C is adjus ted to equal

the accumulation capacitance of the sample. We measure the voltage

difference V = V — V = (I + I ) R — I R = I R where I Is the in ject ion
1 2 s t t s 5

current , It 
is the transient displacement current. Therefore , use of

this c i rcui t  e f fec t ive ly eliminates the transient displacement e f f e c t .

If the current I is recorded on an oscilloscope by measuring the voltage

V I R , the value I(t = 0) gives the Injection current for applied
field E = V /d. In practice, it is d i f f i c u l t  to cancel entirely the

transient effects, and therefore the current Is determined at t = 0+
(< 1 us). Also, the sample—to—sample variations give a scatter in the

values. Nevertheless, the resulting I—V curve is useful in g e t t ing an

order—of—magnitud e estimate of the current densities involved . Figure

5.2 shows i-V curves obtained from these measurements. At very high

f ields , the data may not be completely reliable because significant

Injection takes place at very small times. The low—field result compares

favorably with that of Powell and Hughes.
40 Note that at breakdown fields

I 
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-
. 

(~~ 
5 MV/cm) we have J ~ 1 A/ cm2.

5.3. I—t Characteristics

We have studied the I—t behavior for both short and long times.

The large—t behavior is shown in Fig.. 5.3. For both polarities, the

current is seen to approximate a l/T~ behavior at large t .  A calculation

of McLean et al ,58 based on a single energy level trap , predicts a l/t

behavior. However, Harar i and Royce44 have shown that there are several
trapping bands. Also, the existence of both electron and hole traps

rules out any simple model of the trapping, even if it predicts correctly

the logarithmic time dependence of the trapped charge.

5.4. ~V~~—t Characteristics

We have studied the 
~
VFB vs. t characteristics for times up to

seconds. For positive bias on n—type substrate, we see that the

logarithmic behavior is maintained [Fig. 5.4(afl. For negative bias on

p—Si, the flatband shift reversal is clearly seen for applied fields above

4 MV/cm [Fig. 5.4(b)] . This is believed due to hole trapping near the

Si interface. The probability of hole trapping is also strongly suggested

by Fig. 5.4(c), which shows the results of negative bias on p—type Si

with Au electrode and 500 ~ Al203 film. The higher barrier height of

gold reduces electron injection at the cathode. Below about 4 MV/cm ,

one can detect a slight positive flatband shift. Above 4 MV/cm one

observes a negative flatband shift , consistent with a model of hole

injection and trapping.

5.5. Model of Trapping

In order to get an order—of—magnitude estimate we construct a

very simplified model. Assume a uniform trap density N traps/cm
3. Let

us also assume that for the case of the applied field equal to the breakdown

field , the internal bulk field at breakdown is about the same for both

polarities. Since the applied fields are approximately equal, and

assuming only elec tron ~-rapping near the cathode , then the amount of charge
trapping is the same for both polarities, which implies that the relative

location of the charge centroid is also the same. Then we have 

-~~~~~~--- -- - ---~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ 
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~ —~~~~ ~~

FB(—) C x ‘ F8(+) C• 0 0  0

~T(—) 
= 2eN~, 

~T(+) = 2eN~

AV FB( ) = 2,~~~~ 
~
VFB(+) 2eN~( 1 — ~/x )C

—2 —

_ _ _ _ _ _ _  = 
—
__

x /x 
— 

X/x~

FB (+) x (1 — x/x ) 1 — x/x

=
x 1 + 

~
VFB~~~

/
~
VFB (+)

— 

Using 
~
VFB(_) = 3.7 V and AV

FB(÷) = 7 V, we obtain x/x = 0.35 and
x — 160 X. This calculation, although crude, shows that trapping takes
place through much of the bulk~~f thi~ khin oxide. The trapping density is

computed approximately as N = FB(—) ° ° - Substi tut ing AV FB = 3.7 V ,
2ex

C = 400pF/2 x ~~~ cni2 
and x/x = 0.35, we obtain N = 4 x 1018 t raps/cm3 .

This gives the number of occupied traps, and thus the actual trap density

may be much higher. This figure is about an order of magnitude lower
58than reported by McLean et al. As an interesting sidelight, application

of the above calculation technique to the results of Powell and Hughes4°

gives a value of i — 100 X for x
0 

= 1100 L This would suggest that most

of the trapped charge does lie near the interface, but for a thin oxide

it would appear to be distributed more uniformly.

5.6. Breakdown Damage

Breakdown damage has been studied. Here we show optical and

scanning electron micrographs. Figure 5.5 shows an optical micrograph

of breakdown caused by negative bias on p—Si , with a 1000 Al electrode .
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Figure 5.6 shows the corresponding scanning electron micrograph of the

same area. Each of these pictures shows a region where the Al electrode

appears to have been exploded away. In the center of the breakdown

region of the SEN pictures is a white dot. This may be molten Si, molten

Al
2
03, or a mixture of the two. It may be this white dot which is

associated with a filamentary conduction process. Another structure

seen on breakdown shows portions of the Al which have not been exploded

away but have instead been crumpled into a series of ridges and rippled

areas. Figure 5.7 shows a ridged, branching structure for breakdown on

an n—type substrate. For n—type substrates, it was usually very difficult ,

if even possible, to locate breakdown spots on 1000 Al dots. For 200

Al gates, though, structures similar to those shown in Fig. 5.7 are

always seen after breakdown.

The location of the breakdown spots was predominantly , although

not exclusively, near the edge of the dot. However, there is no correlation

between the distance of the breakdown spot from the center of the dot and

the time to breakdown.

The effect of ions is probably small. In one experiment, a

sample was immersed in deionized water for 11 days at room temperature.

Although the Al electrodes suffered noticeable degradation , the samples

shoved negligible flatband shift and no measurable change in breakdown

st reng th.
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